We used six ruminally cannulated steers in a two-period crossover design to study ruminal fermentative and microbial changes associated with induced subacute acidosis. Steers were adapted to either an 80% alfalfa hay (hay-adapted)-or corn grain (grain-adapted)-based concentrate diet. After feed was withheld for 24 h, steers were overfed with an all-grain diet at 3.5 × NE m daily for 3 d. Ruminal contents and jugular blood samples were collected before withholding feed and at 0 and 12 h daily for 3 d during the overfeeding period. Ruminal samples were analyzed for pH, lactate, VFA concentrations, and counts of total anaerobic, amylolytic, lactic acid-producing and -fermenting bacteria, and ciliated protozoa. Blood samples were analyzed to assess acid-base status. Ruminal pH declined to a range of 5.5 to 5.0 with increased VFA concentrations, but normal lactate concentrations (<5 mM) were indicative of subacute acidosis. Total viable and amylolytic bacterial counts were higher ( P < .05) in grain-adapted than hay-adapted steers. Anaerobic lactobacilli counts increased over time ( P < .01) in both groups and were generally higher in grainadapted than hay-adapted steers. Lactate-utilizing bacteria were initially greater in grain-adapted than hay-adapted steers and increased over time in both groups following grain challenge. Total ciliates were initially higher ( P < .05) in grain-adapted than hayadapted steers and decreased after 48 h in both groups. Blood acid-base changes were minimal. Bacterial changes associated with subacute acidosis resemble those reported during adaptation to grain feeding, and the decline in ciliated protozoa may be the only microbial indicator of a potentially acidotic condition in the rumen.
Introduction
The severity of nutritionally induced acidosis in cattle is variable and ranges from acute, characterized by overt clinical signs and physiological changes (Dunlop, 1972; Huber, 1976) , to subacute or chronic, in which cattle exhibit no clinical signs but have reduced feed intake and performance (Britton and Stock, 1987; Stock et al., 1990) . Acidosis is most prevalent during stepwise adaptation from roughage to high-grain diets and in situations that interrupt normal feed intake patterns in grain-adapted animals (Tremere et al., 1968; Elam, 1976; Fulton et al., 1979a,b) .
Microbiological changes in the rumen associated with acute acidosis and during step-wise adaptation to high-concentrate diets have been well documented (Slyter, 1976; Mackie et al., 1978; Mackie and Gilchrist, 1979) . However, microbiological changes in animals experiencing subacute acidosis in response to overfeeding have not been determined. Because the proportions of lactic acid-producing and -fermenting bacteria in the rumens of animals adapted to high-hay or high-grain diet are different (Latham et al., 1974; Mackie and Gilchrist, 1979) , the potential responses and ruminal changes to overfeeding will be different in those animals. Therefore, we studied ruminal bacterial and protozoal changes in cattle adapted to high-hay or high-grain diets and subjected to experimental subacute acidosis.
Materials and Methods
Six ruminally cannulated steers (mean BW 258 kg) were assigned to one of two groups in a crossover design and fed either a 20% grain (hay-adapted) or 80% grain (grain-adapted) diet. Chopped alfalfa hay made up the remaining portions of both diets. Composition of concentrate portion of diets is shown in Table 1 . Both diets were fed twice a day at 12-h intervals in equal portions to provide 1.75 × NE m daily. Acidosis was induced by withholding feed for 24 h and then feeding an all-grain diet at 1.75 × NE m twice daily at 12-h intervals (3.5 × NE m daily) for 3 d. The all-grain diet was the same as the concentrate portion of the 80% grain diet. Ruminal contents and jugular blood samples were obtained (just before feeding) at 12 and 24 h before withholding feed and at 12, 24, 36, 48, 60 , and 72 h after initiating grain overfeeding. Ruminal samples were blended anaerobically (under oxygen-free CO 2 ) , strained through four layers of cheesecloth, and serially diluted in anaerobic dilution blanks. Diluted samples were inoculated (.5 mL/tube) into complete carbohydrate agar ( CCA) for total viable anaerobic bacterial enumeration, selective carbohydrate agar ( SCA) for amylolytic and lactateutilizing bacterial counts, Enterococcosel agar (BBL Microbiological Systems, Cockeysville, MD) for Streptococcus bovis counts (Anderson et al., 1987) , and modified MRS agar (Slyter et al., 1968) for anaerobic Lactobacillus. The compositions of CCA and SCA media are described in Olumeyan et al. (1986) and Anderson et al. (1987) . Bacterial enumeration was by the roll tube technique, except for S. bovis for which the pour-plate method was used. Tubes were incubated for 48 h ( Lactobacillus) or 7 d (CCA, SCA) at 39°C. Plates for S. bovis were incubated in an anaerobic glove box (model 1024, Forma Scientific, Marietta, OH) at 39°C for 48 h. Samples of unblended, unstrained, ruminal contents were fixed in 10% formalin (1:1, wt/wt) and later diluted and stained with phosphate buffer and glycerol (70:30, vol/ vol) solution containing .005% methyl green. Stained ciliates were counted in a Sedgewick-Rafter counting chamber (Fisher Scientific, Lexington, NJ). Identification of ciliates was according to the scheme described by Hungate (1978) .
The VFA and ammonia analyses were performed according to the methods of Olumeyan et al. (1986) and Gross et al. (1988) , respectively. Ruminal and blood lactic acid determinations and blood pH, bicarbonate concentration, base excess values, and packed cell volume determinations were according to the methods of Nagaraja et al. (1985) .
Following the first period, steers were given ad libitum access to alfalfa hay for 7 d and then fed 20 or 80% grain diets as before. Steers fed the 80% grain diet were adapted gradually over a 14-d period. At the beginning of the adaptation period, steers were inoculated ruminally once with about 1 L of whole rumen contents from a donor animal fed a 50:50 alfalfa hay-to-grain diet to reestablish protozoal populations. The interval between the two periods was 6 wk.
Ruminal (except S. bovis) and blood variables were analyzed using the GLM procedure of SAS (1989) . Bacterial counts were log transformed before analysis. A split plot model for the analysis of all variables was specified. Whole plot effects were period × animal × diet. The whole plot error term was the three-way interaction of period × animal × diet. Subplot effects were time and the diet × time interaction. For all variables, each time within a diet was compared with the control (baseline; mean of 12 and 24 h samples collected before inducing acidosis). When significant ( P < .05) diet × time interactions occurred, diet means for each time were separated using an appropriate ttest at alpha of .10, .05, or .01 (Cochran and Cox, 1957) .
Results
Steers in both groups consumed all the feed offered at 0, 12, 24, and 36 h. At 48 h, grain intakes were 81 and 43%, and at 60 h the intakes were 58 and 41%, in steers adapted to hay and grain diets, respectively. Ruminal pH showed a diet effect ( P < .05) and decreased over time in both diets ( Figure 1 ) to between 5.0 and 5.5 after 36 h. Ruminal pH tended to be lower in grain-adapted than hay-adapted steers at all sampling times, but the difference was significant ( P < .05) only at 48 h. Ruminal ammonia concentration (Table 2 ) decreased ( P < .05) initially, but after 48 h the concentration tended to increase in both groups. However, ruminal ammonia concentration was lower than the baseline ( 0 h ) following grain overload in both groups. Total ruminal lactic acid concentration (Table 2 ) increased over time in both groups and was not affected by the dietary adaptation. L(+)lactate was the predominant isomer; however, the proportion of L(+)lactate tended to decrease and the proportion of D ( −)lactate tended to increase over time.
Total ruminal VFA increased over time ( P < .05) in both groups but tended to be higher in grain-adapted than hay-adapted steers, although the differences were not significant (Figure 2 ). Ruminal acetate proportion decreased similarly over time in both groups and was lower in grain-adapted than hayadapted steers at 60 h (Table 3) . Ruminal propionate proportion increased over time ( P < .05) in both groups and was higher ( P < .05) in grain-adapted Figure 1. Ruminal pH in hay-or grain-adapted steers with induced subacute acidosis. Diet effect, P < .05. *Different from 0 h (mean of samples collected at 12 and 24 h before withholding feed) at P < .05. a Different from grain-adapted steers at P < .05. steers than in hay-adapted steers at 72 h. The acetate: propionate ratio was initially higher in hay-adapted than grain-adapted steers and decreased in both groups following overfeeding with grain. Isobutyrate proportion decreased over time ( P < .05) in both groups, but the molar proportions at 0 to 12 h were higher in hay-adapted than grain-adapted steers. Ruminal butyrate proportion showed a diet × time interaction ( P < .05). The proportion increased over time in the hay-adapted group and was higher ( P < .10) after 72 h than that in the grain-adapted group, which remained unchanged over time. Ruminal isovalerate proportion decreased ( P < .05) and valerate proportion increased ( P < .05) over time in both groups.
Total viable anaerobic and amylolytic bacterial counts showed diet × time interactions ( P < .05) and increased over time in both groups (Table 4) . Initially, there were no differences between the two groups, but by 60 h grain-adapted steers had higher counts ( P < .05) of total anaerobic and amylolytic bacteria compared with hay-adapted steers. Streptococcus bovis counts were initially higher in grainadapted steers (158.2 × 10 4 vs 20.1 × 10 4 ) and seemed to decrease over time in both groups. However, S. bovis colony counts were very erratic in both groups after 24 h, and comparisons between diets or times were not possible (data not shown). Values for 12 h S. bovis counts were deleted because of lack of data. Anaerobic ruminal Lactobacillus showed a strong ( P < .01) diet effect, with 10-fold higher numbers initially present in grain-adapted steers than in hay-adapted steers, and the counts increased over time in both groups (Table 5) . Lactate-utilizing bacterial counts increased over time in both groups, but grain-adapted steers tended to have higher counts than hay-adapted steers. Total ciliated ruminal protozoa showed a diet × time interaction ( P < .01) and were initially higher ( P < .05) but decreased more rapidly over time in grain-adapted steers than in hay-adapted steers (Figure 3) . After 36 h, total ciliates were similar in hay-adapted and grain-adapted steers. All protozoal genera with the exception of Isotricha and Epidinium showed diet × time interactions ( P < .05). Initial numbers of Dasytricha were twice as high but had a more pronounced decrease over time for grain-adapted than for hay-adapted steers (Table 6 ). Charonina counts were higher in hay-adapted than grain-adapted steers but eventually disappeared in both groups. Numbers of Entodinium, the most abundant genus in steers fed both diets, were initially up to twofold higher in grain-adapted steers. Diplodinium was higher ( P < .01) in the hay-adapted group up to 36 h compared with the grain-adapted group but decreased over time in both groups, disappearing completely from grain-adapted steers at 60 h. Initially, Ostracodinium counts were higher in hay-adapted steers than in grain-adapted steers, but at 72 h ostracodinium disappeared completely in hay-adapted steers. Ophryoscolex counts were lower in hay-adapted Figure 3. Ruminal ciliated protozoal concentrations in hay-or grain-adapted steers with induced subacute acidosis. Diet effect, P < .01; diet × time interaction, P < .01. *Different from 0 h (mean of samples collected at 12 and 24 h before withholding feed) at P < .05. a Different from grain-adapted steers at P < .1. than in grain-adapted steers, but counts persisted even at 72 h in hay-adapted steers but disappeared completely in grain-adapted steers. Similarly, in grain-adapted animals at 60 h, Metadinium and Polyplastron also disappeared.
Blood pH decreased slightly in both diet groups over time (Table 7) , whereas total blood lactate was essentially unchanged. Blood bicarbonate concentration decreased with time but was unaffected by diet ( P < .10, Table 7 ). Base excess values declined in both groups, but even at 72 h, no evidence of base deficit was seen. Blood packed cell volume was unaffected by diet, and no evidence of hemoconcentration was seen in either group.
Discussion
Ruminal pH in both hay-adapted and grain-adapted steers declined to between 5.0 and 5.5, a range that is in agreement with other subacute acidosis studies (Horn et al., 1979; Harmon et al., 1985; Burrin and Britton, 1986; Stock et al., 1990; Krehbiel et al., 1995) . In comparison, during acute acidosis in cattle ruminal pH ranges between 3.9 and 4.5 (Dunlop, 1972) , with ruminal lactate concentrations exceeding 50 mM (Dunlop, 1972; Harmon et al., 1985; Nagaraja et al., 1985) . However, only slight increases in total ruminal lactate have been noted during subacute acidosis, with concentrations less than 10 mM Burrin and Britton, 1986) . In the present study, mean total ruminal (L+ and D−)lactate did not exceed 5 mM, yet similar increases in ruminal lactate in hay-adapted and grain-adapted steers suggest that, despite higher counts of lactic acid-producing bacteria (amylolytic bacteria including Lactobacillus) , lactate did not accumulate in grain-adapted steers, perhaps because of higher counts of lactateutilizing bacteria. Decreased ruminal pH in hayadapted and grain-adapted steers was due primarily to increased VFA concentration. Increased VFA concentration, rather than lactate accumulation, is associated with decreased ruminal pH in steers during subacute acidosis (Horn et al., 1979; Burrin and Britton, 1986) and in sheep during adaptation to grain feeding (Mackie et al., 1978) .
Shifts toward increased propionate and butyrate proportions relative to acetate have been reported during adaptation to grain diets in sheep and cattle (Mackie et al., 1978; Fulton et al., 1979b; Mackie and Gilchrist, 1979; Lyle et al., 1981; Olumeyan et al., 1986) and during the onset of acute acidosis (Nagaraja et al., 1985) and subacute acidosis (Horn et al., 1979; Harmon et al., 1985; Burrin and Britton, 1986) . Increasing propionate and decreasing acetate proportions were similar over time in hay-adapted and grain-adapted steers, suggesting similar ruminal microbial fermentation patterns in the two groups. Increased ruminal butyrate concentration in hayadapted steers 12 h after overfeeding corresponded with increasing numbers of lactate-utilizing bacteria. The ruminal lactate-utilizer, Megasphaera elsdenii, is a major producer of butyrate from lactate, and butyrate production can serve as an electron sink during the oxidation of lactate to pyruvate (Counotte et al., 1981) . Furthermore, Butyrivibrio fibrisolvens produces butyrate as a primary fermentation end product (Hungate, 1978) and has been shown to predominate in the rumen of sheep during adaptation to grain feeding (Mackie and Gilchrist, 1979) . Ruminal ciliated protozoa produce butyrate from starch (Abou Akkada and Howard, 1960; Bonhomme, 1990) and may partially account for the higher ruminal butyrate proportion in hay-adapted steers at 72 h, because hay-adapted steers had more than twice the number of total ruminal protozoa. Increased valerate levels in subacutely acidotic steers are in agreement with results of Horn et al. (1979) . Microbial changes that occur within the rumen during acute acidosis have been well-documented (Slyter, 1976) . In the present study, the increases over time of all bacterial types counted (except S. bovis) are similar to the microbial changes observed by Mackie and Gilchrist (1979) in sheep during adaptation to grain feeding. Increased counts of total viable anaerobic and amylolytic bacteria in grainadapted animals have been reported (Mackie et al., 1978) , and although initial counts of these two bacterial groups showed no statistical difference between diets, the increase seemed to be more consistent over time in grain-adapted steers than in the hay-adapted group. In some instances, the amylolytic bacterial counts were higher than the total counts in CCA. Possibly, the higher concentration of starch in the SCA medium (.3% vs .05% [wt/vol] in CCA) may have been the reason for somewhat higher colony counts. As ruminal pH dropped below 6.0, rumen Lactobacillus counts increased, because of the more favorable acid environment (Slyter, 1976) , with concurrent increases in ruminal lactate concentration and proportions of D (−)lactic acid. Dirksen (1970) suggested that increased total bacterial and Grampositive bacterial numbers were associated with subacute acidosis. Increased numbers of Gram-positive bacteria and ruminal Lactobacilli were also observed during adaptation to grain feeding (Mackie et al., 1978; Olumeyan et al., 1986) and in steers adapted to high concentrate diets (Latham et al., 1974; Olumeyan et al., 1986) . Increased numbers of lactate-utilizing bacteria were observed in grain-adapted sheep (Mackie et al., 1978; Mackie and Gilchrist, 1979) and cattle (Olumeyan et al. 1986 ), and adaptation to grain feeding may confer an advantage when steers are overfed readily fermentable carbohydrates (Mackie et al., 1978) . In this study, the rapid increase in lactate-utilizing bacteria in hay-adapted steers suggests that the ability to ferment lactate was not affected by the diet.
In this study, protozoal populations decreased extensively with increased ruminal acidity, but complete defaunation did not occur in either dietary group. Less rapid decreases in total protozoal numbers in hay-adapted steers may have been the result of slightly higher ruminal pH compared with grainadapted steers or possibly other undetermined factors such as ruminal osmotic pressure (Slyter, 1976) . The increased total ruminal protozoal numbers in grainadapted steers, consisting mainly of starch-utilizing entodiniomorphs, particularly Entodinium spp. and Ophryoscolex, are in agreement with previous studies (Bonhomme, 1990) . Similar increases in total protozoal numbers and entodiniomorphid proportion have been observed during grain adaptation in sheep (Mackie et al., 1978) and steers (Olumeyan et al., 1986) . Entodinium spp. accounted for at least 80% of ruminal protozoa in initial counts, with the proportion increasing to greater than 95% of total protozoal counts in steers fed both diets by 72 h. Protozoal genera that seemed to be sensitive to lowered ruminal pH in hay-adapted steers included Diplodinium and Ostracodinium and, to a lesser extent, Metadinium, Polyplastron, and Epidinium. In grain-adapted steers, all entodiniomorphid protozoa with the exception of Entodinium and Ostracodinium seemed to be sensitive to lowered ruminal pH. Ciliates that seemed to be more resistant to lower pH in both diets included Isotricha, Dasytricha, and Entodinium. Although their counts declined following grain challenge, the fact that they did not completely disappear was indicative of their ability to resist low pH. The ability of Entodinium spp. to tolerate greater ruminal acidity is well-documented (Bonhomme, 1990) . Transient increases in numbers of holotrich protozoa, particularly Dasytricha, although not significant, agree with Coleman's (1980) generalization that holotrich populations within the rumen often increase as entodiniomorph populations decrease.
The entodiniomorphid protozoa may be of particular importance during subacute acidosis because of their ability to rapidly engulf starch, sequestering it from bacterial fermentation. The engulfed starch then is fermented at a comparatively less rapid rate to VFA rather than lactate (Abou Akkada and Howard, 1960; Bonhomme, 1990) . Thus, the presence of starchutilizing protozoa may impart a stabilizing effect in the rumen of subacutely acidotic cattle. Possibly, a study involving defaunated steers may provide the direct evidence for the stabilizing effect of protozoa during grain challenge.
The slight decreases in blood pH in hay-and grainadapted steers noted in the present study are in agreement with previous observations that changes in systemic acid-base status are minimal during subacute acidosis (Horn et al., 1979; Harmon et al., 1985; Burrin and Britton, 1986) . Decreased blood pH was not related to total blood lactic acid concentration. However, similar decreases in blood bicarbonate and base excess in both groups are indicative of some degree of physiological compensation for increased absorption of ruminal VFA during subacute acidosis. Burrin and Britton (1986) obtained similar results and concluded that declining blood pH and bicarbonate levels during the later stages of subacute acidosis suggested exhaustion of compensatory mechanisms. In this study, blood packed cell volume was not different between diet groups and did not increase, suggesting that dehydration did not occur.
In theory, animals adapted to grain feeding should show a greater resistance to subacute acidosis resulting from overfeeding of high starch diets, because of greater numbers of ruminal lactilytic bacteria (Mackie and Gilchrist, 1979) and more protozoa capable of engulfing starch and protecting it from rapid bacterial attack. However, the results obtained in this study indicate similar changes in ruminal fermentation patterns during subacute acidosis regardless of whether steers were adapted or unadapted to a high-grain diet.
Implications
Changes associated with subacute acidosis caused by overfeeding of grain are confined primarily to the rumen. The shift in ruminal fermentation in subacute acidosis toward increased volatile fatty acid concentration rather than lactate accumulation suggests that microbial changes associated with subacute acidosis, except for ciliated protozoa, resemble those that occur during adaptation to grain feeding. The decrease in ciliated protozoal counts may be a useful microbial indicator of unstable or potentially acidotic conditions within the rumen.
